Metagraywackes and metapelites from the Paleoproterozoic Birimian Supergroup in the Birim diamondiferous field, southern Ghana, were analyzed for their major and trace element contents. Compared to early Proterozoic crust, the metasedimentary rocks are enriched in ferromagnesian elements but depleted in rare earth elements (REE), high field strength elements (HFSE) (with exception of Zr), and Th. They show REE patterns similar to their Archean counterparts. The chemical data indicate that the sediments were derived from a local source of mixed felsic-mafic composition, with the latter dominating. The source rocks were the basaltic to dacitic volcanic rocks and granitoids within the Birimian greenstone belts. The chemical data further suggest their deposition in a tectonic setting comparable to modern island arcs, and that minimal old upper crust (i.e., pre-Birimian sources) was involved in their formation. The analyzed metasedimentary rocks have Eu-anomalies and Gd N /Yb N , Sm/Nd, Th/Sc, Cr/Sc and Cr/Th ratios that closely resemble those of their Archean counterparts, and therefore inconsistent with models suggesting abrupt compositional changes in upper crust at the Archean-Proterozoic boundary.
INTRODUCTION
The Paleoproterozoic Birimian Supergroup (Junner, 1940) forms the northern and eastern portions of the LeoMan Shield, which occupies the southern segment of the West African Craton (Fig. 1A) . It consists of two major units: one unit is composed dominantly of volcano-detrital rocks and the other mostly represented by bimodal although largely tholeiitic volcanics (Abouchami et al., 1990) . Geochronological studies on the Birimian rocks suggest they were formed during the time interval ~2.3 to 2.0 Ga (Abouchami et al., 1990; Liégeois et al., 1991; Boher et al., 1992; Taylor et al., 1992) . The rocks were deposited on deformed and metamorphosed basement rocks of no more than 50 m.y. older (Abouchami et al., 1990) , as sediments and volcanics in an extensive geosyncline. They were later folded, metamorphosed under mostly greenschist-facies conditions and invaded by and to a lesser degree, the granitoids (e.g., Leube et al., 1990; Doumbia et al., 1998; Loh and Hirdes, 1999) . In comparison to the volcanic rocks, the Birimian sedimentary rocks have received very little attention in geochemical studies even though sedimentary rocks contain a wealth of information about provenance and crustal evolution (e.g., McLennan et al., 1990 McLennan et al., , 1995 .
It is now well established that part of a record of geologic history is retained in detrital sediments. Petrographic examination has traditionally been an important method in extracting this information (e.g., Dickinson and Suczek, 1979; Dickinson et al., 1983) , but has generally not proved very useful in the examination of mudstones and metamorphosed sediments. Geochemical examination, particularly REE has no such restrictions however, and can be used effectively for all types of clastic sediments to evaluate the nature and evolution of the provenance and of sedimentary history (McLennan et al., 1995) . The geochemical approach is, therefore, more appropriate to this study of metamorphosed sedimentary rocks.
In this paper, we examine the geochemistry of the Birimian metasedimentary rocks (i.e., metagraywackes and metapelites) in the Birim diamondiferous field, situated about 110 km northwest of Accra, Ghana (Figs. 1 and 2). The major purpose of this study is to constrain the sources of the sediments and the tectonic setting of the sedimentary basin. The implications of these data for the crustal evolution at the Archean-Proterozoic boundary will also be discussed. The Birimian rocks have undergone up to amphibolite-facies metamorphism and other alterations that may significantly affect the mobility of some elements such as Si, Na, K, Ca, Mg, Rb, and Sr (Abouchami et al., 1990) . Accordingly, we put much emphasis on relatively immobile elements such as the REE, HFSE, Cr, Co, Th and Sc (Taylor and McLennan, 1985; Bhatia and Crook, 1986) . These elements are generally thought to be transferred nearly quantitatively and unfractionated into the sedimentary record during sedimentary processes (Taylor and McLennan, 1985; McDaniel et al., 1994) , and thus may reflect the signature of the parent material (Taylor and McLennan, 1985; McLennan, 1989) . However, in some cases a possible fractionation of REE during weathering and diagenesis has also been observed (e.g., Nesbitt, 1979; Anwiller and Mack, 1991) .
GEOLOGIC SETTING
In Ghana, the Birimian is characterized by sedimentary basins, which separate a series of sub-parallel, roughly equally spaced, north-easterly-trending volcanic belts (Fig. 1B) . The sedimentary basins are composed of volcaniclastics, wackes and argillites and are intruded by aluminous granitic plutons and metamorphosed to amphibolite facies (Leube et al., 1990) . The volcanic belts consist predominantly of metamorphosed tholeiitic lavas, minor volcaniclastics and "belt-type" granitoids, and metamorphosed to greenschist facies (Leube et al., 1990; Sylvester and Attoh, 1992) . The basement (i.e., "Dabakalian") over which these supracrustal rocks are laid is unknown in Ghana, though fragments of this basement have been reported in the Bole-Navrongo belt (Kutu, per. comm.) .
The study area lies in the Birim diamondiferous field (Fig. 2) , which is located within the Cape Coast Basin (Fig. 1B) . Junner (1943) has extensively described the geology of the diamondiferous field. The Birimian Supergroup in the study area is mainly composed of metasedimentary rocks comprising tuffaceous Abouchami et al., 1990) . (B) The geology of the southwestern part of Ghana (modified from Leube et al., 1990) . metagraywackes with subordinate quartzites and interbedded gray and black phyllites and schists. Mafic to ultramafic lavas and sub-volcanic rocks are common. In the southern portion of the study area, the metasedimentary rocks are intruded by basin-type granitoids. Other post-Birimian intrusive rocks include granite, aplite, porphyry and pegmatite. The Birimian rocks in the study area generally exhibit up to greenschistfacies regional metamorphism (Junner, 1943) . Both the metasedimentary rocks and the ultramafic intrusives close to granite batholith display various degrees of contact metamorphism (Junner, 1943) . The rocks have been affected by low-grade metasomatic alterations, involving silicification and widespread formation of secondary chlorite and sericite. Overlying the Birimian rocks are Pliocene to Recent alluvial deposits that host most of the diamonds recovered from the diamondiferous field.
The Akwatia metagraywackes are characterized by poor sorting and angular to sub-rounded grains, with some grains showing elongation along the direction of foliation. They consist of about 60 vol.% sand-to silt-sized clasts made up of quartz, plagioclase, orthoclase, biotite, calcite, muscovite, sericite and chlorite dispersed in a finegrained matrix of quartz, clay minerals and opaque minerals (~40 vol.%). They also contain accessory minerals such as pyrite, staurolite, garnet, zircon and iron oxide minerals. The metapelites in general have sericite and chlorite mineralogy with angular to subangular grains of quartz, feldspar and calcite embedded in the matrix. Thin sections of 50 metasedimentary rocks were examined petrographically. Twenty-four least altered samples, comprising 19 metagraywackes and 5 metapelites were carefully selected for major and trace element analysis by Instrumental Neutron Activation Analysis (INAA) at the Ghana Research Reactor-1 (GHARR-1) facility of the National Nuclear Research Institute, Ghana Atomic Energy Commission, following the method of Koeberl (1993) . The estimated mineralogical compositions and the exact locations of the analyzed samples are given in Appendix A. Taylor and McLennan (1985) . Table 1 . (continued) 3-5 days and 1-2 weeks after irradiation, samples were counted for 10 min, 1 hr, 3 hrs and 12 to 24 hrs. Measurements of spectral intensities were carried out using a PCbased gamma-ray system consisting of a N-type high purity germanium (HPGe) detector Model GR 2518; a HV power supply Model 3105 and a spectroscopy amplifier Model 2020; an 8K ACCUSPEC multi-channel analyzer (MCA) emulation card and a 486 microcomputer for spec-trum data evaluation and analysis. The detector operated on a bias voltage of (-ve) 3000 V with relative efficiency of 25% and had a resolution of 8 keV (FWHM) for Co-60 gamma-ray energy of 1332 keV. The irradiation conditions as well as the accuracy of synthetic standards were checked with geological standards. The validation of the analytical procedure was undertaken by irradiating a standard reference material IAEA SOIL 7 and counting under identical experimental conditions (Appendix B) . By using the methods described by Nyarko (1999) , the concentrations of identified elements in the samples were determined.
ANALYTICAL RESULTS
The major and trace element compositions of the analyzed samples are given in Table 1 . Comparison of average compositions reveal that there are few geochemical differences between the metagraywackes and the metapelites. However, SiO 2 content is relatively lower, and Fe 2 O 3 (total Fe as Fe 2 O 3 ) and K 2 O relatively higher in the metapelites, evidently due to a decrease in quartz content and an increase in clay fraction in the metapelites. The MgO contents in the metapelite are also significantly higher than those of the metagraywackes.
Metagraywackes
The metagraywacke samples generally show wide variations in their major and trace element compositions. They belong to the sodic and ferromagnesian potassic sandstones in the nomenclature of Blatt et al. (1980) . Most of the metagraywackes display andesitic composition in their major-element composition. The SiO 2 /Al 2 O 3 ratios (6.3-1.3) are low, indicative of their immaturity, and K 2 O/ Na 2 O ratios (1.5-0.5) are variable but mostly less than 1 (mean = 0.8). Compared to average early Proterozoic graywackes (Condie, 1993) , the analyzed metagraywackes are enriched in Al 2 O 3 , Zr, and the ferromagnesian elements (MgO, Cr, Co, and V) and depleted in total REE abundances, Th, and Ta. However, the HFSE (i.e., Zr, Hf, and Ta) and Th concentrations are significantly higher than those reported in the volcanic rocks of the Birimian greenstone belts (Sylvester and Attoh, 1992) .
The metagraywackes show typical Archean chondritenormalized REE distribution patterns (Fig. 3A) ; light-REE (LREE) enrichment (La N /Sm N = 2.17-4.19), slightly negative to slightly positive Eu-anomalies (Eu/Eu* = 0.64-1.21; average = 0.93) and heavy-REE (HREE) depletion (Gd N /Yb N = 1.87-3.36). HREE-depletion is also common in dacitic to andesitic volcanic rocks of the Birimian greenstone belts (Sylvester and Attoh, 1992) . Several of the analyzed samples (particularly AB 7, AKW 24B, GCD 25, and AKW 24A) show significant negative Ce-anomalies (Table 1) . Negative Ce-anomalies are a common feature in the tholeiitic basalts from the Birimian greenstone belts (Abouchami et al., 1990; Leube et al., 1990; Sylvester and Attoh, 1992) . Negative Ce-anomalies in sedimentary rocks can result either by prolonged sub-aquatic weathering (Küster and Liégeois, 2001) or by post-depositional alterations such as pervasive circulation of hydrothermal fluids (Abouchami et al., 1990) . However, Ce-anomalies in sediments can also be inherited from their source rocks, in that case from magmatic rocks where they are common (Shimizu et al., 1992) .
Metapelites
Like the metagraywackes, the metapelites also show variable major and trace element compositions. One sample, AJ 1, has exceptionally low Al 2 O 3 and high MgO and Cr content ( Taylor and McLennan (1985) . Plotted for comparison are averages of early Archean graywacke, early Proterozoic crust, Archean shale, and Proterozoic shale (data from Condie, 1993) . dently due to high clay mineral content. Like the metagraywackes, the metapelites have low but variable SiO 2 /Al 2 O 3 ratios (7.6-0.8). K 2 O contents and K 2 O/Na 2 O ratios are variable, but generally higher than that of metagraywackes. Compared to average Proterozoic shale (Condie, 1993 ) the metapelites are enriched in MgO, Fe 2 O 3 , Sc, V, Cr, and Co, and depleted in REE, Th, Hf, and Ta. The Zr contents, however, are comparable to those of average Proterozoic shale.
The chondrite-normalized REE distribution patterns for the five analyzed samples (Fig. 3B) are also similar to their Archean counterparts (Condie, 1993) , and are characterized by LREE enrichment (La N /Sm N = 2.14-3.20), slightly negative Eu anomalies (Eu/Eu* = 0.77-0.94; average = 0.88) and flat HREE (Gd N /Yb N = 1.55-1.78). No negative Ce anomalies are present in the analyzed metapelites. The generally greater depletions in Eu (i.e., lower Eu/Eu*) in the metapelite relative to the associated metagraywackes may be related to concentration of plagioclase in sands during sorting (McLennan et al., 1990) .
DISCUSSION

Influence of heavy mineral accumulation and metamorphism
A number of heavy minerals (particularly zircon, allanite and monazite) are dominated by trace elements, and thus their accumulation in high concentration may significantly influence trace element concentrations in sedimentary rocks (McLennan et al., 1993) . Of these three minerals, only zircon is visible in the studied samples. Zircon enrichment in sediments can be reflected by relationships between Th/Sc and Zr/Sc (McLennan et al., 1993) . On this diagram the analyzed samples follow the general provenance-dependent compositional variation trend, and there is no sample falling in the high Zr/Sc range typical of zircon accummulation associated with sediment recycling and sorting (Fig. 4A) . In addition, zircon preferentially incorporates HREE relative to LREE, and its accumulation would lead to HREE enrichment and a decrease in La N /Yb N ratio with increasing Zr content. However, no such direct relationship exist between Zr and La N /Yb N ratios of the analyzed samples (Fig. 4B) . Monazite, a REE-enriched heavy mineral, has a very steep chondrite-normalized REE pattern; even small amounts (<0.01%) can result in significant increases in the Gd N / Yb N ratio (McLennan et al., 1993) . The HREE-depletion pattern observed in the metagraywackes could be the result of monazite enrichment though this is highly unlikely given that no monazite grains were observed in thinsection.
As mentioned earlier, the Birimian metasedimentary rocks has undergone greenschist to amphibolite facies metamorphism which may affect the mobility of major and trace elements. Great care was taken in selecting the least altered samples for the analysis. Samples containing visible quartz veins, which may represent remobilization, were avoided for the analysis. Several lines of evidence argue against large-scale element remobilization of some particular trace elements in the analyzed samples. The analyzed samples, particularly for the metapelites, show uniform and fairly smooth REE patterns, which would not be expected during remobilization (Yang et al., 1998) . In addition the covariance between Th/Sc and Zr/Sc ratios (Fig. 4A) and between Th/Sc and Cr/Th ratios (Fig. 5) large-scale remobilization, at least for these elements, in the analyzed samples. Although some elements, particularly the large-ion lithophile elements, were probably remobilized, large-scale remobilization of the REEs, Th, Zr, Sc, Cr, and Co is unlikely, therefore making these elements useful in provenance and tectonic setting discrimination.
Provenance
The analyzed metasedimentary rocks have concentrations of ferromagnesian elements (i.e., Mg, Cr, V, Co) several times higher than that of average early Proterozoic upper crust (EPC), indicating the presence of mafic rocks in their source area (Fig. 6 ). This mafic component in the analyzed samples can be found in the matrix which is invariably chloritic, and which formed largely from decay of labile constituents such as feldspar and rock fragment. Because of this decay, mafic rock fragments are scarce. The concentrations of HFSE such as Zr, Hf and Ta, which are generally enriched in felsic relative to mafic rocks, are generally depleted in the Akwatia metasediments relative to those of EPC. An exception is Zr and Hf concentrations that are comparable to EPC and, therefore, may suggest a minor provenance component of felsic rocks. The elemental ratios, La/Sc, La/Cr, La/ Co, Th/Sc, Th/Cr and Th/Co are particularly critical of provenance (Cullers and Podkovyrov, 2000) . Compared to early Proterozoic volcanic rocks of different compositions, the analyzed metasedimentary rocks show La/Sc and Th/Sc ratios intermediate between andesites and felsic rocks, and La/Cr, La/Co, Th/Cr, Th/Co ratios between basalts and andesites (Table 2) . Cr/Th and Th/Sc ratios are particularly sensitive to the composition of sediment sources (Taylor and McLennan, 1985) . On a plot of these two ratios, the analyzed metasedimentary rocks define a straight line suggestive of mixing a felsic and a mafic component (Fig. 5) .
REE patterns have been used widely in geochemical studies of metasedimentary rocks. The degree of differentiation of LREE from HREE is a measure of the proportion of felsic to mafic components in the source region, whereas Eu anomalies may provide information about the nature of the processes affecting the source area, such as whether plagioclase has been removed from the Condie, 1993 Sylvester and Attoh (1992) . Condie (1993) .
Fig. 6. The average multi-element pattern (with range represented by bars) of the analyzed samples normalized to average early Proterozoic crust (EPC). The elements are arranged in such a way that those mainly enriched in felsic rocks are plotted on the left-hand side and those enriched in mafic rocks are plotted on the right-hand side. EPC values are those reported by
ultimate igneous source areas of the sediments (Taylor and McLennan, 1985) . The relatively less LREE enrichment of the analyzed samples (La N /Yb N mostly between 2.1 and 3.5) compared to that of PAAS and EPC (La N / Yb N = 4.3 and 3.9 respectively; Condie, 1993) suggest the dominance of mafic rocks over felsic rocks in the source areas. In addition, the lack of significant negative Eu-anomalies for most of the metagraywackes and the metapelites suggest the dominance of andesitic and/or basaltic rocks in the source region, and that K-rich granitic rocks were not present in significant proportion (Taylor and McLennan, 1985) .
The general lack of Eu anomalies, low SiO 2 /Al 2 O 3 , Th/Sc and Zr/Sc ratios and the generally variable major and trace element compositions (Table 1) suggest local provenance for the metasedimentary rocks (McLennan et al., 1993) . The associated Birimian metavolcanics, which is composed of basaltic and andesitic to dacitic rocks, appears the most likely source rocks. This interpretation support geochronological studies on the Birimian metasedimentary rocks in Ghana, which indicate that the detrital materials were mostly derived from the associated Birimian volcanic belts (Taylor et al., 1992; Davis et al., 1994) . Even though compared to EPC metasedimentary rocks show depletion in Th and HFSE (except Zr), these elements are significantly higher than those reported from the volcanic rocks of the Birimian greenstone belts (Sylvester and Attoh, 1992) . The levels of HFSE and Th concentrations observed in the analyzed samples are, however, comparable to those of Birimian belt-type granitoids (Loh and Hirdes, 1999) . Singlezircon-grain dating of a volcaniclastic wacke from the Kumasi Basin (Fig. 1B) yielded ages of ~2185-2155 Ma (Davis et al., 1994) . This age range encompasses U-Pb zircon ages of 2179 and 2172 Ma obtained for belt-type granitoids of southwest Ghana Davis et al., 1994) . It is, therefore, possible that a portion of the detrital sediments were supplied by Birimian belt-type granitoids.
Comparison with sedimentary rocks from known tectonic settings
In the last two decades, sedimentologists have endeavoured to distinguish the tectonic conditions prevalent during deposition of sediments on the basis of geochemistry (e.g., Bhatia and Crook, 1986; McLennan et al., 1993) . Even though tectonic fields identified by these studies are originally intended for Phanerozoic clastic sedimentary rock, they have gained wide application in Precambrian sedimentary rocks (e.g., McLennan et al., 1995; Kalsbeek et al., 1998; Yang et al., 1998; Toulkeridis et al., 1999; Bhat and Ghosh, 2001) . McLennan et al. (1993 McLennan et al. ( , 1995 described five major provenance types on the basis of geochemistry, the characteristics of which are summarized in Table 3 . Several lines of evidence suggest that the analyzed metasedimentary rocks are likely dominated by sources representative of Young Undifferentiated Arc terranes. The most important evidence is (1) the unevolved major and trace element composition (e.g., low SiO 2 /Al 2 O 3 , low Th/Sc, low Zr/Sc), (2) the variable major and trace element compositions, (3) lack of significant negative Eu anomalies, and (4) lower REE abundances, and variable but less LREE enrichment when compared with those of EPC and PAAS. This interpretation is supported by SmNd isotopic study on the Birimian metasedimentary (Taylor et al., 1992 ) that gives neodymium model ages of within 0.2 Ga of the ~2.1 Ga sedimentation age (and formation age of associated metavolcanics). In the LaTh-Sc ternary diagram, the analyzed samples plot within the field defined by modern sediments deposited in magmatic arc-related basins along active plate margins (Fig.  7) . Together, the geochemical and isotopic data indicate only minimal contribution of old upper crust, suggesting that not much significant volumes of pre-Birimian continental sources was involved in their formation. This study, therefore, agrees with other petrographic studies (Leube et al., 1990) and isotopic analyses (Taylor et al., 1992; Davis et al., 1994) on the Birimian sedimentary rocks that (Condie, 1993) indicate their derivation from local sources within the greenstone belts. However, significant contribution from basement rocks cannot be entirely ruled out since the basement of the Birimian (i.e., "Dabakalian") is no more than 0.5 Ga older than the sedimentation age (Abouchami et al., 1990) .
Crustal evolution at the Archean-Proterozoic boundary
Sedimentary rocks have been used to constrain the average composition of the terrains exposed at the time of deposition (e.g., Condie, 1993; McLennan et al., 1995) . The Archean-Proterozoic boundary (A/P boundary) is recognized as a fundamental benchmark in the chemical evolution of the upper continental crust. Extensive studies of surface samples from Precambrian shields in wide geographic areas such as North America, western Europe, Australia, India and southern Africa have shown that the Archean upper crust is generally different in chemical composition from post-Archean upper crust (Condie, 1993; Taylor and McLennan, 1985) . In order to determine whether changes in composition of the continental crust at the A/P boundary was worldwide, we test the proposed model of compositional change at the A/P boundary on the chemical data of the Birimian metasediments, which is located in one of the world's less studied shields (Sylvester and Attoh, 1992) . Table 3 . Summary of geochemical characteristics of provenance types (after McLennan et al., 1993 (after McLennan et al., , 1995 Girty and Barber (1993) . Source rock compositions (volcanics) are of early Proterozoic age (Condie, 1993 (Condie, 1993) . McLennan et al. (1995) .
The chemical differences between Archean and postArchean upper crust are recorded in trace elements of sedimentary rocks (Taylor and McLennan, 1985; McLennan and Hemming, 1992; Condie, 1993) . These include: (1) a decrease in Eu-anomalies, (2) a decrease in Gd N /Yb N ratio from > 2.0 to 1.0-2.0; Condie (1993) has, however, indicated that unlike Archean graywackes, Archean shales lack HREE depletion, (3) a decrease in Sm/Nd ratio from about 0.21 to 0.19, (4) a decrease in the Cr/Th ratio from about 20 to 5.7, (5) a decrease in Cr/ Sc ratio from about 13 to 4.1, and (6) an increase in the Th/Sc ratio from about 0.5 to 1.0 (possibly only in continental sediments).
The analyzed metasedimentary rocks show typical Archean signatures; low Th/Sc ratios (<0.5, with exception of one sample), high Sm/Nd ratios (>2.1, with exception of 3 samples), high Th/Sc ratios (>20, with exception of 3 samples), and high Cr/Sc ratios (>6, with exception of 2 samples). In addition, the Eu/Eu* and Gd N / Yb N ratio compares very favourably with Archean sedimentary rocks (Fig. 8) . It is also important to note that like Archean shales, the Akwatia metapelites lack HREE depletion.
Sedimentary rocks of any age, derived primarily from Archean terranes, especially from relatively localized sources, may show Archean geochemical signatures. However, it is unlikely the Akwatia metasedimentary rocks inherited these trace element features from their possible Archean source given the inferred juvenile arc provenance. It is, rather most likely that the sediments were derived from rocks within the Birimian greenstone belts, and that the composition of the continental crust of the study area (and possibly for West Africa) during the early Proterozoic was broadly similar to that of Archean crust. We therefore conclude that the secular compositional trend at the A/P boundary is not applicable to the metasedimentary rocks in the Birim diamondiferous field. This interpretation is supported by studies on volcanic rocks from the Birimian greenstone belts, which indicate that the Birimian has rock association and trace-element signatures similar to those of Archean greenstone belts (Abouchami et al., 1990; Leube et al., 1990; Sylvester and Attoh, 1992; Taylor et al., 1992) . Whether these trace element features observed in the Birimian metasedimentary rocks of the Birim diamondiferous field are only unique to the Akwatia area (and maybe the Cape Coast Basin) but not a common feature of the Birimian metasediments as a whole needs further geochemical investigations of other Birimian sedimentary basins.
CONCLUSIONS
The Birimian metasedimentary rocks of the Birim diamondiferous field show REE and trace element characteristics that closely resemble those of their Archean counterparts but differ significantly from post-Archean sediments, suggesting that the continental crust of the study area during the early Proterozoic had chemical compositions similar to those of the Archean crust. This interpretation supports the suggestion by Sylvester and Attoh (1992) that the A/P boundary may not coincide with a worldwide, fundamental change in crustal evolution. The trace element data further suggest that the metasedimentary rocks were mainly derived from a juvenile arc source of mixed felsic and mafic composition, and support geochronological data (Taylor et al., 1992; Davis et al., 1994) that indicate their derivation from mainly the Birimian volcanic belts.
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